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Absiraet A descriptive account is given of our most re-
cent researchk oz the actinide dioxides with the Advancad
Light Source Molecular Environmental Sciznce (ALS-
MES) Beamline 11.0.2 soft X-ray scanning transmission
XN-ray microscope (STXM) at the Lawrence Berkeley
National Laboratory (LBNL). The ALS-MES SToOM
permits nearv-edege N-ray absorpton fine structurs
(NEXATFS) and imaging with 30-nm spatial resolution.
The first STXM spectromicroscopy NEXATFS spectra at
the actinide 4ds, edges of the imaged transuranic par-
ticles, NpQ» and PuO,, have been obtained. Radiation
damage induced by the ST33V was observed in the
investigation of a mixed oxidation siate particle
(INp(V,VI)) and was minimized during collection of the
actual spectra at the 4dsp, edge of the Np(V,VI) solid. A
plutonivm elemental map was obtainedsfrom an irreg-
ular PuOa partcle with the dimensions of 650 x 650 mm.
The Pt 4d5» WEXAFS spectra were collected at several
different locations from the PuQ, paricle and were
identical. A representative oxvgen K-edge spectrum
from U0, was collected and resembles the oxygen K-
edge from the bulk material. The unique and cugrent
performance of the ATLS-MES STXM at extremely low
energies (ca. 100 eV) that may permit the successful
measurement of the aciinide 53¢ edge is documenied.
Finally, the potential of STXM as a tool for actinide
nvestigations is briefly discussed.
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introduction

The smergence of microspeciroscopic and fuorescence-

‘based techniques has permitied invesugatons of actinide

materials at sources of soft X-ray synchrotron radiation
[1-5]. Spectroscopic technigues with fluorescance-based
detection are particularly useful and have immediate
ntility for actinide investigations since they are semsitive
1o small amounts of material, and can be bull sensitive,
thereby avoiding complications of clean surface prepa-
ration and the accompanying safety considerations. A
very racent complementary development along these
lines has been the use of scanning irangmission X-ray
microscopy (STXM) spectromicroscopy to imvestigate

small particles of actinide matenals [6, 7]. STXM en-

ables high-resolution near-edge X-ray absorption fine
structure (NEXATS) spectroscopy and imaging, both at
the 30-nm length scale with thir sampie materials [8, 9].
ST is particularly amenable to studies of radio-
active materials because it operates at ambient pressure
thar gby removing concerns about vacuum, uses fully
sealed sample holders, and in theory only requirss a tiny
amount of sample material (e.g., a single particle of
10 fg). There are several actinide eleciron epergy levels
residing in the soft X-ray region, one of which is of
partienjar utility for ST20M . Also of particular rele-
vance for actinides and soft X-ray STXM is the capa-
bility to probe the K-edges of the lghi elements such as
carbon, nitrogen, and oxygen that are frequently in-
volved in the chemical bonding in a rapge of actinide
materials. An example of this is the actinide oxides and
specifically, the actimide dioxides. Actinide dioxides are
of preat technological importance as nueclear fuel mate-
rials, in the long-term storage of excess defense materi-
als, in the aging processes associated with weapons, and
in the environmental transport of actinides [10}. Oxygen
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K-edge NEXAFS is an excellent probe of the covalency
of an actinide oxide bond, since actinide 5f/6d bonding
with the O 2p forms an antibonding orbital weighted
towards the actinide contribution [i1].

This manuscript presents a descriptive account of our
most recent, on-going actinide research, development,
and results centered on the actinide dioxides at the
Advanced Light Source Molecular Environmental Sci-
ence (ALS-MES) Beamline 11.0.2 STXM of the Law-
rence Berkeley National Laboratory (LBNL).

Experimental

The ALS-MES Beamline 11.0.2 is a 5.0-cm period
elliptical-polarization undulator (EPU) beamline located
at LBNL. The ALS-MES STXM resides on branchline
11.0.2.2, which has been optimized for STXM opera-
tions [6, 12, 13]. The combination of zone plates and the
performance characteristics of the beamline provides a
regular operational energy range of 120-2,160 eV. The
appropriate choice of available zone plates and monoe-
chromator settings results in spatial resolution of better
than 30 nm and a resolving power (EfAE) of 5,000~
7,500 for NEXAFS spectroscopy [14]. The ALS-MES
STXM primarily fuonctions in transmission and utilizes
two transmission detectors, The first mode utilizes a
photomultiplier with a scintillator detector and the sec-
ond is a silicon photodiode. Currently, the STXM
operates with higher count rate and substantially better
signal to noise with photodiode detection. Further
technical details about the ALS-MES beamline and
STXM can be obiained from the ALS-MES website [13].
The ALS-MES STXM collects data in single-energy
tmaging, linescan, and multiple-energy image scans
(stacks). In the two energy-dependent modes, Lnes or
images are obtained with the epergy being changed in a
stepwise manner between each line or image acquisition.
From these measurements, spectral information for a
single position or selected area can be extracted. The
ALS-MES STXM employs user-friendly control soft-
ware. Data reduction and processing at the ALS-MES
STXM is done almost exclusively with the axis program
f16]. .
The ALS STXM samples are mounted on an indi-
cated holder capable of accommodating four samples or
sample packages. For radioactive materials, samples are
safely and permanently enclosed between a pair of either
50-nm or 100-nm SisNg windows to form a suitable
sample package. This permits the use of solid samples as
well as wet or lquid samples. In the latter case, the
sample volume must be small and preparation must be
guick to avoid liquid evaporative Joss. A prerequisite for
eneral STXM samples is that they have an accessible
thickness dimension of around a few hundred nanome-
ters depending on the elemental cross-section, energy of
the absorption edge, and local elemental concentration.
Pasticle sizes of about 100 to 1,000 nm are gemerally

suitable and sample materials are ofien ground to a fine
powder to obtain particles of appropriate dimensions.

The actual application of radioactive material to the
first SiyNy window is done using a standard inspection
microscope at 30 times magnification. A 2-cm human
hair fiber fixed to a tantalum wire is used to gather
particulates, which attach to the fiber and subsequently
transfer the radioactive powder or paste 1o the surface of
the window. Due to the malleability of the fiber, it is
simply tapped directly onto the window. Once the par-
ticles have been disiributed on the first window, another
window is aligned with the first and is hermetically
sealed along the edges with adhesive.

The materials employed in these initial studies were
2387J0, obtained from Alfa—Aesar, *'NpO, from high-
temperature inductive heating of a characterized dilute
Np(V) solution prepared by standard methods at LBNL
on a Pt counting plate under atmosphere, and low-fired
(ca. 875 K) ***Pu0, material obtained from Oak Ridge
National Laboratory. These actinide oxides had nomi-
nal dioxide stoichiometry and were powdered as needed
to obtain particles of suitable sizes for STXM experi-
ments. The actinide dioxides utilized in this study have
the fluorite-type face-centered (foe) crystal structure. The
mixed oxzidation state Np(V,VI) salt was obtained from
the solid residue of an uncharacterized Np(V) solution
from which the solvent had evaporated and was siightly
pink in appearance. The identification of the uncharac-
terized solid as 23% Np(V) and 75% Np(VI) is based on
results from UV/Vis spectroscopy. This Np solid could
be a mixed oxidation state single-phase compound or &
two-phase material. '

The actinide elements have several electron core levels
that reside in the soft X-ray energy regime. The most
well known of these actinide element thresholds are the
5ds/ 3y that lie in the range of 90~130 ¢V for the lighter
actinides and have giant cross-sections [17]. However,
there is currenily no STXM that resularly operates at
energies low enough to make use of these absorption
edges. The regular energy range of the ALS-MES
STXNM encompasses the entire actinide Ny~ edge series
(4s, 4p1pap. 4dspsn Hspap). The inital STXM
investigarions of uranium oxide particulates have shown
that the 4ds; edge is the most useful absorption edge
and in the case of uranium has a reproducible charge
state shift of approximately 1.3 eV {rom uranivm{IV)
dioxide to uranium(VI) trioxide [6]. The actinide 4dsp
spectra collected in this investigation are referenced to
transmission from areas without actinide material, linear

‘backgrounds are extracted, and the features are pre-

sented normalized to peak maximum. The overall acti-
nide 4d absorption edge is broad (100-200 eV) with
prominent white lines [18]. In the STXM measurements,
only the leading white line is analyzed and shown. In this
manuscript, this is referred to as the 4ds, edee (there is
no multiplet siructure), The energy resolution of the
measurements is approximately 0.15 eV at the actinide
gdges and about 0.11 eV at the oxygen K-edge. All




images and NEXAFS spectra were recorded with hori-
zontal EPUJ polarizaticn,

Radioactive sample package holders were handied,
loaded, unloaded, and the ALS-MES STXM certified as
non-radioaciive following the completion of the experi-
ments. Small metal foil containers are inserted into the
STXM prior to use with radioactive materials so thatifa
ceramic window breaks, the radicactive material will be
captured. The STXM is simultaneously pump-purged
with He to avoid pulling vacuum on the sample pack-
apges.

Results and discussion

Figure 1 shows the on-resonance absorption contrast
images taken at the corresponding peak energiss in
Table 1 along with the 4d5;, NEXAFS spectra recorded
from particles with nominal compositions of UO,,
NpOs, and PuQ,, respectively. The NEXAFS {ransition
from the actinide 4ds;, initial state is to the 5f states.
Depending on Z, the corresponding iransition energies
are separated from their 4ds,, spin-orbit partners by 40—
50 eV (not shown). The Np and Pu dioxide spectra are
the first NEXAFS obtained by spectromicroscopy from
transuranic particulates in the soft X-ray energy region

Fig. 1 Normal contrast images
and NEXAFS specira at the
actinide 4dsp (Ns) edges of
thires actinide particles
displayed omitting the 4dspn
(N4) edges. The compounds are,
from lefi to right, uranivm
dioxide, neptunium dioxide,
and plutonium dioxide,
respectively

43

at these absorption edges. The NEXAFS spectra are the
average absorption from a selected two-dimensional
prajection into the thres-dimensional particle. A sum-
mary of the experimentally derived parameters for the
actinide 4ds, edges obtained in these initial investiga-
tions and reference information are summarized in
Table 1. The absorption features of the three actinide
dioxides are of Lorentzian lineshape. The NEXAFS
measurements have been successfully repeated for all of
the actinide dioxide particles and are reproducible,
There are no experimental actinide dioxide NEXAFS
results for these absorption thresholds in the literature,
io the best of our knowledge. There have been studies of
metallic uranfum and several uranium compounds at the
4d edges (except for UO;). as well as for metallic plu-
tonium [19, 20]. A useful comparnson is to the actinide
metallic counterparts of the dioxides at the 4ds5 edge
from these studies. There is general agreement with the
current results compared to o-U and o-Pu as summa-
rized in Table 1. Note that in all cases, the NEXAFS
features recorded with the STXM are about 0.6 eV
narrower than the corresponding metallic features. This
result may be related to actinide metal versus actinide
dioxide considerations in which the differences in band
structures lead to featurss with different widths. This has
been observed in the NEXAFS of transition metals and
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Table 1 Summary of parameters derived from the NEXAFS spectra of the actinide partictes investipated in this study and the available

reference information :

Material Adsp reference 4dsp, experimental 4d 3/ experimental Sdsp, 5d3 reference
energy (eV)° energzy (eV) FWHM (V) enargy (eV)©

U 737 736.4° 6.9¢ 9s, 104

Uos - 738.5 6.3 -

Np 771 - - 101, 108

NpO& - 768.5 3.3 -

Np(V,VI) sakt® - 769.1 5.8 -

Pu 798 798.3° 5.5-6.5° 102, 113

PuOf - 800.5 33 -

“Nominal actinide dioxide compositions
bParticle composition is 25% Np{V) and 73% Np(VI)
See ref. [17)

transition metal oxides [21]. The resulis are generally
consistent with the literature for the actinide metals and
provide additional support for the reliability of the
aciinide dioxide STXM measurements. An interestng
result is that the UO, edge is markedly wider (approxs-
mately 1 eV) than either of the transuranic dioxide fea-
fures. A mixture of oxidation states (e.g., some UsOy or
U0z in the UO,) could lead to a broademing of the
absorption feature,

The Np 4ds5; NEXAFS spectrum recorded {rom the
mixed oxidation Np salt is compared to that obtained
from NpO- in Fig. 2. The spectrum from the Np(V,VI)
sali is shifted to higher energy by approximately 0.6 eV
and is slightly broadened in comparison 1o the
NpO4(IV) spectrum. It should be noted that the
Np(V,VI) spectrum shown.in Fig, 2 was obtained min-
imizing exposure to the beam by using short dwell times
at each pixel, but a certain amount of beam’ damage
cannot be avoided, Together witly the evidence men-
tioned in the Experimental section, the inspection of the
NEXAFS spectra in Fig. 2 indicates that the Np salt is
composed of higher oxidation state Np solids, primarily
Np(VI). However, care must be taken when interpreting
the relative energy positions of the Np{IV), Np(V), and
Np(VI) features. The effective charge on the Np core
may have subtle efiects since the Np(V) and Np(VI)
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Fig. 2 Np 4ds;; NEXAFS transmission specira obtained from a
mixed oxidasion state Np(V, V1) sali (dashed ling) compared to the
NEXAFS spectrum [rom NpO, (selid line)

d%ee ref. [19]
See ref. 20]

cores are neptunyl (O =Np=0) and this must be bal-
anced against NpOs that has a significant number of
electron-withdrawing oxygens. A similar charge state
shift consideration has been observed and documented
in the Ls X-ray absorption near-edge spectroscopy of
actimde matenials, For example, the L; edge energy of
trans-dioxo Pu{V) was found to be about 1 eV lower
than that of PuQ; [22]. The charge siate shift of about
0.6 8V between Np(IV) and primarily No(VI) is fairly
consistent with the approximately i.3 eV observed be-
tween the U(IV) and U(VI) oxidation states [6]. Beam
damage effects may also contribute to the observation of
the small charge staie shifts between the Np oxidation
states. )

Figure 3 shows an image from the same Np(V,VI)
salt particle where no countermeasures were taken to*
obviate radiation damage, 1t is clear, just from the image
alone, that the particle is altered by exposure to the
beam. The STXM NEXAFS linescan spectrum taken
across the particle, resnlting in the visible dark line,
maiches identically that obtained for NpQa, verifying
that reduction has occurred. For solid-state actinide
materials, including the oxides, this is the first observa-
tion of routine beam damage that requires speciat data
acquisition methods to preclude. This result also serves
to further validate the relative energy positions of
Np(IV) and Np(VI) features tc one another, as well as
the small charge state shift separating them.

Actinide elemental maps may be generated from two
single-energy STXM images obtained at different ener-
gies, one at the actinide 4ds;» edge maximum and one
several eV below the edge. The images are first converted
to optical density and then pixel-wise subtracted from
each other yielding a2 map showing increased signal
contrast where plutonium is present. A plutonium image
on resonance and a plutonium elemental map obtained
from a PuQ; particle are shown in Fig. 4. The Pu 4dsp
NEXAFS spectra were obtained from several different
regions of the PuQ, particle. Region-averaged NEXAFS
spectra were consirucied from the entire particle, the
central region, and from the edge region alone
(approximately 30 nm into the particle from the inter-
face). All of the Pu 4ds;; spectra appear the same. No
beam-induced alteration was noted during the spec-




Fig. 3 Single-energy STXM
images of a mixed oxidation
Np(V,VI) salt paricle. The fefr
image shows the particie prior
1o a linescan across the center of
the particle. There is clear
evidence of radiation damage
aftar the linescan in the image
on the right. The darker spot
near the center of the particle is
due to easlier beam damage
prior to collection of the
unaltered spectrum, The size of
the agrual main particle is about
300 nm and the apparen: size
difference betwesn the images is
due to slightiy different STXM
focal settings

300 nm

tromicroscopy of the PuO» particle. In a similar manner,
chemical state or species-specific maps could also be
obtained by contrasting specific NEXAFS spectral fea-
tures, either actinide 4d or even oxygen K-edge, to one
another.

The oxygen K-sdge NEXAFS spectrum recorded
from the UO, particle of Fig. 1 is shown in Fig. 5. There
1s a clear pre-edge feature located at about 332 eV, a
shoulder on the main absorption threshold at 333 &V,
and the main broad absorption manifold is centered
around 540 eV. The oxygen K-edges have also been
collected from several of the other common uranium
oxide matesials [23]. The spectromicroscopy NEXAFS
spectrum agrees with those obtained by normal
NEXAFS methods and theoretical calculations [24].
However, there are some slight differences in the pre-
edge feature intensity and an oscillation at about 550 eV
is not fully-resolved. It is possible that the slight loss of
pre-edee feature intensity may be related to the trans-
mission versus total electron yield detection modes.

Similar NEXAFS spectromicroscopy measurements
have been recently made at the oxygen K-edges of the

Fig. 4 Plutonium dioxide image
(leff) and the Pu elemental map
(right) from & low-fired PuG,
particle

Np and Pu dioxides. For the case of NpQOa, initial oxy-
gen K-edge extended X-ray absorption fine struciure
(EXAFS) has been obtained and the proper oscillations
observed, although the signal-to-noise ratio nesds
improvement. The oxyzen NEXATS spectrum from
NpOa is consistent with the electron energy loss spec-
troscopy (EELS) [25]. Oxvgen K-edge NEXAFS specira
have also been collected from the PuO, particle of Fig, 4
at the same locations as the Pu 4ds, NEXAYFS spectra.
There is no spectral difference between the bolk-like
regions. However, the edge region of the particle shows a
marked difference in the pre-edge intensity relative to the
main absorption feature.

One of the limitations of curremt actinide STXM
investigations is the necessity to use the actinide 4d
absorption edges for extracting chemical and electronic
structure information. The absorpiion cross-section is
srnall at these edges. The chemical shifts of the 4d edges,
as mentioned in the Experimental section, are small and
carefnl measurements are reguired. The eleciromic
information obtainable from these 4d adges is valuable
as this is not a commonly studied set of edges and can




46

|- ——

Absorplion
=3
»

=
\¢]
— T

O ]
525 B30 535 540 545 550 555
Photon energy {eV)

Fig. 5 Oxygen K-edge transmission NEXAFS spectrum collected
from the UO; particle of Fig. 1

provide insight on 5f electron behavior [20]. There is no
STXM, even the ALS-MES STXM, that can operate
near or much below 120 eV to access the actinide 5d
edges, With the actinide 5d as an objective, the capa-
bilities to run the ALS-MES STXM at photon energies
below the actinide 5d edges with a 40-nm zone plaie are
undergaing development. These most recent results are
shown in Fig. 6, which depicts the monochromatized
fiux obtainable at the STXM end station without the
5i3N,4 sample windows required for actinide studies. This
is the first operation of a STXM at such low energies.
Use of the ceramic windows reduces the flux substan-
tially (30% transmission each at about 100 eV) but
leaves enough fiux for effective measurements. Initial
investigations at the 5d edge have shown some promise
and primitive spectra have been recorded. Operation at
the reduced flux level imposed by window operations
poses complications since the amount of higher-order
harmonics passed by the zone piate at these low energies,
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Fig, 6 Photor fiux from the ALS-MES 5THM documenting the
first successful STXIM at about BG eV with a detector eficiency of
about 10%

when operating the monochromator for maximum fux,
is approaching the fiux leve] of the selected primary X-
ray beam energy.

Conclusions

Soft X-ray STXM spectromicroscopy at the ALS-MES
beamline kas been utilized for the first investigation of
transuranic materials, and in particular, the actinide
dioxides of uranium, neptunium, and plutonium. The
capability to image and elementally map actinide ele-
ments enables the NEXAFS nanospectroscopy of the
actinide particles. The capability to investigate different’
locations in particles will prove valuable in the future
when inhomogeneous particles or sysiems are studied.
The most useful actinide edge at this time for spec-
tromicroscopy is the 4ds; edge, for both imaging and
NEXAFS spectroscopy. The charge state shifts between
oxidation states are small for the actinides at this edge
but can be measured reproducibly at high resolution at
the ALS-MES beamline, thus providing valuable infor-
mation. The linewidths are narrower for the oxides and
are consistent with what has been observed for metallic
actinide systems. More thorough and complete investi-
gations of fundamental, reference actinide maierials that
will follow in the future are necessary to fully establish
the STXM spectromicroscopy of actinides, Although
actinide dioxide particles are robust by STXM stan-
dards, the reducton of a mixed oxidation state
Np(V.VI} particle was observed and special data
acquisiion precautions were implemented to avoid
damage as much as possible. Oxygen K-edge NEXAFS
specira have been collected from the range of actinide
dioxides and the UO, spectra are similar to those pre-
viously published for bulk materials. The use of the
actinide 5d absorption edge requires more development,
including the preparation of specially engineered thin
samples, and may pose some complications when
working with multi-component systems. However, it
may effectively enable a most fundamental set of acti-
nide experiments.

Soft X-ray STXM is a promising technique for the
investigation of a range of actinide materials, particu-
larly those with light element constituents, and is user-
friendly in this energy region since it does not require a
vacuum environmenl. Furthermore, the amount of
actinide material required is small, which reduces safsty
concerns. Reaching its fnll potential depends on con-
tinied developments and the completion of fundamental
actinide reference materials studies to fully define the
complete capabilities of STXM actinide spectromicros-
copy. For the investigation of actinide particulates,
STXM is unique and will make contributions to science
directly involved with small particles of aciinides or in
any system in which actinides are locally concentrated.
Thus, STXM will be suitable for examining the distri-
bution and speciation of actinides in several environ-
mental and biosciences applications.
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